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Abstract
For the purpose to see how the suppression of the nucleic acid synthesis disturbs the cell spe-
cialization process the author observed the erythroid cell specialization in anemic rats by treating
them with aminopterin (AP) and 5-bromouracil (BU). The observations indicate that the AP in-
jection inhibits the mitosis of erythroblast with the acceleration of hemoglobin synthesis and the
denucleation. The bromouracil administration scarcely suppressed the mitosis and the appearance
of acidophilicity of erythroblast was retarded. Data indicate that the inhibition of mitosis accel-
erates the specialization or somatic protein synthesis of erythroblast. The acting mechanisms of
the medicaments were discussed from the characteristics of these agents as the analogue of the
substances related to DNA metabolism.
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As is well known, the development of erythroid cell is very sensitive
to the deficiency of folic acid and vitamin Bm the important factors for
DNA synthesis. The deficiency of these factors induces the changes in
erythroid cell in bone marrow specific to pernicious anemia i. e. the ap-
pearance of megaloblasts and megalocytes in circulating blood impressing
the distorted development of erythroid cell resulting from the suppressed
DNA synthesis.
It is generally believed that the youngest precursor of erythroblast,
proerythroblast, is formed by the transformation of the stem cell, whose
morphologic entity is not yet defined by the action of inducer, erythro-
poietin (1, 2). The proerythroblast differentiates to red cell through four
stages of specialization (3, 4, 5, 6); early and late basophilic, polychromatic
and orthochromatic stages. At each specialization step cell division ensues
and the cell reduces its nuclear and cell volumes by about one half at
each cell division, respectively (3, 4, 5, 7, 8). Denucleation ensues at the
orthochromatic stage in physiologic hemopoiesis but in anemia a number
of cells are denucleated at an early specialization stage i. e. at polychro-
matic, basophilic or even at proerythroblast stage, skipping cell division
or divisions (9, la, 11). Macrocytes and megalocytes are thus formed,
because the cell does not divide after denucleation (12). Macrocyte or
megalocyte may contain more hemoglobin than normocyte, formed by
denucleation at orthochromatic stage (13).
Thus, the symptoms of pernicious anemia or the appearance of
megalocyte in circulating blood suggests that the severe arrest of DNA
synthesis results in the acceleraiton of early denucleation of erythroid cell
with the accelerated hemoglobin synthesis or the erythroid cell specializa-
tion. From such a view point the author observed the hemoglobin level of
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erythroid cells from the anemic rat treated with folic acid antagonist and
bromouracil. In this paper it is reported that erythroid cell specialization
or hemoglobin synthesis is promoted by suppressing DNA synthesis with
aminopterin injection indicating a close correlation between nuclear and
cytoplasmic functions in the cell specialization.
MATERL\LS AND METHODS
Adult male Wistar rats weighing 180-200 g were used. The animals were
made anemic by the repeated subcutaneous injections of phenylhydrazine-HCl,
0.5 to 0.7 ml of 1.25 % solution once a day for three to four days. By this
treatment a marked hemolytic anemia was induced, and three days after the
last phenylhydrazine injection a marked erythroid marrow developed. At this
stage the animals were divided into three groups; the first group received
the administration of aminopterin lAP), the second group 5-bromouracil (BD),
and the third group was of the anemic control and received no further treat-
ment. AP was injected subcutaneously 2 mg per 100 g body weight once or
daily for two to three days. BD was also injected subcutaneously about 25 mg
per 100 g once a day for two to four days, and a few animals received 12
BD-injections daily for 12 days. AP was procured from Tokyo Kasei Kogyo
Co. Ltd. and BD from Katayama Kogaku Kogyo Co. Ltd.
The animals received the injection of the agents were sacrificed from 7
to 10 days after the initiation of the phenylhydrazine injection being accom-
panied by the sacrifice of anemic control in each. A few animals treated
with 12 injections of BD were killed on 13th day. For the observation of
mitosis of erythroblast the animals received colchicine injection, 100,ug per
100 g body weight, before sacrifice. After sacrifice the bone marrow cells were
smeared two smears in each bone marrow sample; one for Giemsa stain and
the other for quantitative estimation of hemoglobin per cell by microspectro-
photometry. Organs of each animal, liver, spleen and some lymph nodes were
fixed with 10% formol, sectioned and stained with hematoxylin-eosin by routine
method for histologic examination.
The estimation of hemoglobin was carried out on methanol-fixed smear
by the microspectrophotometer of Olympus Kogaku Co., employing the two-
wavelength method of ORNSTEIN (14), PATAU (15) and MENDELSOHN (16) at
405 m/~ and 427 m/~.
Mitotic indices were obtained on Giemsa-stained smear by observing
1,000 cells per one bone marrow sample obtained four hours after colchicine
injection.
RESULTS
A moderate or severe hemolytic anemia developed in the rats after
treating with phenylhydrazine injections, once a day for four days; red
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cell count around 3 millions per cu. mm., hemoglobin content about 309-6
Sahli (4.8g per dl), and a marked reticulocytosis about 60% (Fig. I-a).
Three days after stopping the phenylhydrazine injections the anemia
entered into its recovering phase and a typical erythroid bone marrow
developed.
At this stage the injection of the inhibiting agents for DNA synthesis
was initiated. The injection of AP suppressed effectively the increase in
the red cell number in the circulating blood but did not arrest the recovery
of hemoglobin (Fig. I-b). Consequenty, after two or three iniections of AP
the color index reached an extremely high level comparing to that of
anemic control. Red cell diameter increased with a marked macrocytosis.
With these changes in hemogram the gross appearance of the bone marrow
showed a marked change.
The bone marrow of the animals sacrificed 24 hours after one AP
injection was soft and hemorrhagic, but after three injections of AP for
three successive days it turned rather fluid and reddish purple in color.
Microscopic observations of the Giemsa-stained bone marrow smears
taken 24 hours after one AP injection revealed that polychromatic erythro-
blasts were predominant in number with the decrease in basophilic ery-
throblasts. The polychromatic erythroblasts were rather large in size, 9-
10,11. in nuclear diameter, or 10.5-12 p. cell diameter. Mitotic figures of
erythroblasts were rarely encountered (Photo. Ia).
The bone marrow smear taken 24 hours after two AP injections once
a days for two days, the cell number was considerably decreased both in
erythroid and myeloid cells (pancytopenia), basophilic erythroblasts were
rarely encountered, and some large sized cells were polychromatic in their
cytoplasm. Besides erythroid and myelogenous cells a number of lymphoid
cell appeared. They were 7.5-8/,- in nuclear dimeter, 9-9.5/,- in cell
diameter and had pale blue cytoplasm. No mitosis was seen.
In the circulating red cell were anisocytic with distinct macrocytosis
and many of them were spherocytic.
Twenty-four hours after three AP injections bone marrow were eradi.
cated with erythroid and myeloid cells and some small lymphoid cells
were predominated. All the rats died within a few days after AP admi-
nistration.
The BU injections, once a day for five days, did not interfere with
the recovery of anemia; the red cell number and hemoglobin level in-
creased steadily in the treated animals as well as in anemic control. Body
weight was rather increased and the animals had a healthy appearance
(Fig. I.c). In all the animals receiving two to four injections of BU, the
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Fig. I Daily changes in circulating blood of rats treated with phenylhydrazine followed by aminopterin and bromouracil injections
Fig. I-a Anemic control, solely receiving phenylhydrazine injections
RBC: red blood cell Hb: hemoglobin, Sahli
Wt: body weight (g) PH: phenylhydrazine injection
Fig. I-b Hemogram of the anemic animals treated with aminopterin
AP: aminopterin injection
Fig. I-c Hemogram of the anemic animals treated with bromouracil
BU: bromouracil injection
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Fig. 2 Daily chan5'es in hemogram of circulating blood of an anemic
rats treated with bromouracil for a long period. BU was injected
starting from the first day of 3 phenylhydrazine injections and continued
to the last day. Arrows are phenylhydrazine and bromouracil injecion.
Fig. 3 Mitotic indices
of erythroblasts from ane-
mic animals treated with
aminopterin, bromouracil
and anemic control
AP: 24 hours after AP
ir,jection, 2mg per
100 g body weight.
BU: 24 hours three BU
injections, 25 mg per
100 g body weight
daily for three days.
Cont: anemic control
Method; see text.
AP au Cant
/0
50
30
bone marrow showed no abnormalities in gross appearance, it was reddish
grey in color and solid but not fluid. Microscopic observations revealed
an erythroid marrow as in anemic control but most erythroid cells were
basophilic in appearance. Small erythroblasts comparable to the poly- to
orthochromatic cells in size had the basophilic cytoplasm, and most of
the denucleated red cells in the bone marrow
appeared bluish (Fig. 2). Repeated injections of
BU, more than 10 times during 12 days, showed
some retardation in the recovery of anemia. but
the red cell proliferation was not so severely
arrested. The erythroblasts retained their cyto-
plasmic basophilicity till later stage of specializa~
tion. Some basophilic erythroblasts in the advan-
ced stage of specialization had clear nucleoli
(Photo. I.b).
The mitotic indices of erythroblasts decreased
markedly in the animals treated with AP injec-
tions but not in those treated with BU injections
which gave nearly the same index as anemic
control (Fig. 3).
The hemoglobin content of each erythroblast
measured by microspectrophotometry showed a
high level in the cells from the animals treated
with AP and a rather low level in those treated
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Fig. 4 Hemoglobin contents (arbitrary unit) of polychro-
matic erythroblasts, estimated by microspectrophotometry
AP: The cells from the animals treated with aminopterin
BU: The cells from the animals treated with bromouracil
Cont: anemic control receiving phenylhydrazine injections only
with BU (Fig. 4).
Histological observation showed a marked decrease in cellularity in
the bone marrow treated with AP but not any change in those treated
with BU. Besides these severe ulcerative changes have been observed in
the alimentary tracts of those treated with AP.
DISCUSSION
As can be seen clearly from the experimental results just presented
the administration of AP suppresses the erythroid cell proliferation in
anemic rats. In the early stage of AP administration the Hb level of peri-
pheral blood rised as in anemic control but the increase of red cell number
stoped, resulting in the increase of color index, the red cell showed a
marked macrocytosis indicating early denucleation. In bone marrow the
mitosis of erythroblasts stops and the cell specialization seems to proceed
without cell division showing the increase in acidophilicity of the cytoplasm
of erythroblasts or in heme level. All these phenomena indicate that the
process of the cell specialization including the denucleation at early stage
should closely be correlated to the lowered activity of erythroblast.
Aminopterin is a structural analogue of folic acid, and inhibits the
methylation catalysed by folic acid as coenzyme (17, 18, 19, 20, 21, 22), i. e.
the purine ring formation and the change of uracil to thymine (23).
Thus, AP administration inhibits the DNA and RNA syntheses. But it has
been evident that the most prominent biochemical effect of AP observed
in some cellular system is a diminution of thymidine synthesis (35). Thymi-
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dine synthesis is of higher requirement for a folic acid coenzyme (33).
Observations by WAHBA and FRIEDKIN revealed that the folic acid antago-
nist inhibit the activity of thymidilate synthetase directly (36). Conse-
quently, the main effect of aminopterin will be on the synthesis of thymi-
dilate from uridilate and on DNA synthesis. Therefore, the hemoglobin
synthesis and the denucleation of erythroblast at early specialization stage
seen after AP treatment possibly be primed by the suppression of DNA
synthesis. As the Hb contents per cell are increased by AP administration,
the translation process for hemoglobin is not interfered by the disturbances
of the DNA synthesis. The AP administration results in the complete
suppression of hemopoiesis. This indicates the transformation of stem cell
to proerythroblast is suppressed. In the early stage of AP administration
the younger precursors of bone marrow cells disappears and then all the
erythroid cells are eradicated by the continued injections of AP. Data also
suggest that the inhibition of DNA replication suppresses the transcription
for the specialization of stem cell to proerythroblast. These facts indicate
again that the physiological specialization step of erythroid cell is depen-
dent upon the retained DNA synthesis. The data may be referred to the
report of T AKEBAYASHI (24), indicating that erythroid cell specialization
is accelerated by a mass red cell transfusion where the DNA synthesis and
mitosis is suppressed only in later stage, i. e. the cell specialization or the
synthesis of heme in erythroblast preceeds and the suppression of DNA
synthesis is followed. It may reasonably be thought that the cell speciali-
zation and cell division, or DNA synthesis and somatic protein synthesis
are the matter of close association and the inhibition of DNA replication
may accelerate the protein synthesis or vice versa.
The observations are consistent with the general concept that the cells
replicating DNA are poor in cell specialization or the synthesis of somatic
protein.
In contrast, the administration of BU did not result in any inhibitory
effect on the mitosis of erythroblast. The red cell number in the circulat-
ing blood increased as in the case of anemic control. In spite of several
reports on bacteria including some cultured animal cells and plant cells,
it seems that BU does not induce so severe disturbances in the nucleic acid
metabolism of both DNA and RNA of erythroid cells in vivo. According
to the past reports, 5.bromouracil is incorporated into DNA (25, 26,27, 28,
29, 30, 31), and can replace 26-27?-6 of DNA thymine under an appro-
priate condition (27). Competition with thymine can occur at the level of
phosphorylation to the triphosphate or at the stage of DNA polymeriza-
tion. Besides these, BU may act as a tautomeric mutagen to produce
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errors in DNA nucleotide sequence; paInng with guanine in its enol
form and replacing cytosine whereas it pairs with adenine in its keto form
like thymine (23, 32). BU may also be incorporated into RNA as well as
5-fluorouracil as revaled in C. utilis adapted to grow on uracil (23, 30).
The DNA formed by mistake in replication may cause the synthesis of
nonfunctional proteins (27, 33, 34). These characteristics of BU may give
an information for the analysis of the results obtained by BU. In spite of
little suppression of mitosis or cell replication, morphologic observations
on smeared bone marrow from the animals received BU treatment sugges.
ted the suppression of hemoglobin synthesis; i. e. the bone marrow smears
showed a numbers of small erythroblast just comparable to orthochromatic
ones in size and having a strong basophilic cytoplasm. The heme contents
per cell estimated by microspectrophotometry showed only a slight decrease
compared with that of anemic control. Data seem to indicate a possible
error at transcription, leading to some defect in globin synthesis rather
than the enzymes involving the heme synthesis, though the problem is left
to be settled in future.
SUMMARY
For the purpose to see how the suppression of the nucleic acid synthe.
sis disturbs the cell specialization process the author observed the erythroid
cell specialization in anemic rats by treating them with aminopterin (AP)
and 5.bromouracil (BU). The observations indicate that the AP injection
inhibits the mitosis of erythroblast with the acceleration of hemoglobin
synthesis and the denucleation. The bromouracil administration scarcely
suppressed the mitosis and the appearance of acidophilicity of erythroblast
was retarded. Data indicate that the inhibition of mitosis accelerates the
specialization or somatic protein synthesis of erythroblast. The acting
mechanisms of the medicaments were discussed from the characteristics of
these agents as the analogue of the substances related to DNA metabolism.
ACKNOWLEDGEMENT
The author is indebted much to Professor Satimaru Seno for his beneficial guidance
and encouragement throughout the course of this work. Many thanks are due to the members
of the Department of Pathology for their invaluable suggestions, and to Miss H. Higashioka
for her technical assistance.
REFERENCES
1. FISHER, S.: Studies on the mechanism and site of action of erythropoietin. Erythro.
poiesis, ed. by JACOBSON, L. O. and DOYLE, M., GRUNE & STRATTON, New York and
8
Acta Medica Okayama, Vol. 22 [1968], Iss. 5, Art. 4
http://escholarship.lib.okayama-u.ac.jp/amo/vol22/iss5/4
Heme &Nucleic Acid Syntheses in Erythroid Cell 259
London, 204, 1962
2. JACOBSON, L. 0., GOLDWASSER, E. and GURNEY, C. W.: Transfusion induced polycy-
thaemia as a model for studying factors influencing erythropoiesis. Ciba Foundation
Symposium on Haematopoiesis, Cell Production and its Regulation, ed. by WOLSTENHOLME,
G. E. W. and O'CONNOR, M., J. & A Churcill Ltd., London, p.423, 1960
3. WEICKER, H.: Zellteilung und Zellteilungsstorungen. In Handbuch der gesamten Hama-
tologie, 2 Auflage, Band 1, ed. by HEILMEYER, L. and HITTMAIR, A, MUnchen. Berlin.
Wien, Urban and Schwarzenberg, p.148, 1957
4. WEICKER, H.: Morphologie und Kinetik der normalen und pathologishen Erythropoese.
Foita hemat. N. F. 9, 153, 1964
5. ROHR, K.: Das menschliche Knochenmark; Tieme, Stuttgart, p.45, 1960
6. LAJTHA, L. G. and OLIVER, R.: Studies on the kinetics of erythropoiesis, a model of
the erythron. Ciba Foundation Symposium on Haematopoiesis, Cell Production and its
Regulation, ed. by WOLSTENHOLME, G. E. W. and O'CONNOR, M., J. & A Churcill Ltd.,
London, p.289, 1960
7. SENO, S.: Differentiation of erythroid cell. Acta Path. Jap. 16, 457, 1966
8. SENO, S.: Studies on the differentiation of erythroblast by using radio isotopes. Acta
Haem. Jap. 27, 718, 1964
9. SENO, S., MIYAHARA, M., ASAKURA, H., OCHI, 0., MATSUOKA, K. and TOYAMA, T.,
Macrocytosis resulting from early denucleation of erythroid precursors. Blood 24, 582,
1964
10. STOHMLANN, F. Jr., HOWARD, D. and BELAND. A.: Humoral regulation of erythropoiesis.
XII. Effect of erythropoietin and iron on cell size in iron deficiency anemia. Proc. Soc.
Exper. Bioi. & Med. 113, 986, 1963
11. BORSOCK, H., LINGREL, J. B., SCARO, J. C. and MILLETTE, R. C.: Synthesis of hemo-
globin in relation to the maturation of erythroid cells. Nature 196, 348, 1962
12. LOWENSTEIN, L. M.: Studies on reticulocyte division. E)I,p. Cell Rec. 17, 336, 1959
13. TAKEBAYASHI, J.: Effect of mass blood-transfusion on erythroid cell differentiation in
anemic rabbit. II. Denuc1eation in early stage of erythroid cell specialization, with special
reference to RNA-and hemologbin synthesis. Acta Med. Okayama 21 (6), 267, 1967
14. ORNSTEIN, L.: The distributional error in microspectrophotometry. Lab. Invest. 191, 250,
1952
15. PATAU, K.: Absorption microphotometry of irregular shaped objects. Chromosoma 5, 341,
1952
16. MENDELSOHN, M. L.: The two-wavelength method of microspectrophotometry. 1. A
microspectrophotometer and tests on model system. II. A set of tables to facilitate the
culculations. j. Biophysic. and Biochem. Cytol. 4, 707, 1958
17. SLAVIKOVA, V. and SLAVIK, K: The influence of some 4-amino analogues of tetrahydro-
forate coenzymes on purine biosynthesis. Biochim. Biophys. Acta 71, 604, 1963
18. SIMON, E. H.: Evidence for the non-participation of DNA in viral RNA synthesis.
Virology 13, 105, 1961
19. PHILIPS, F. S. and DERSCH, J. B.: Studies of the actions of 4-aminopteroylglutamic
acid in rats and mice. The Journal of Pharmrzcology and Experimcntal Therapeutics 95, 303, 1949
20. SGHENBACH, E. B., WEISSMANN, N., GOLDBERG, B. and FISHER, J.: Nucleic acid changes
in sarcoma-180 following administration of aminopterin. Proc. Soc. Expt. Bioi. Med. 80,
559, 1952
21. POLLARD, M. and SHARON, N.: Induction of prolonged latency in psittacosis infected
cells by aminopterin. Proc. Soc. Expt. Bioi. Med. 112, 51, 1963
22. SMITH, J. T.: Production of thymineless mutants in gram-negative bacteria (Aerobacter,
Proteus). J. gen. Microbiol. 47, 131, 1967
9
Shigehisa: Studies on the relation between heme and nucleic acid syntheses
Produced by The Berkeley Electronic Press, 1968
260 M. SHIGEHISA
23. HOCHSTER, R. M. and QUESTEL, J. H.: In Metabolic Inhibitor, Vol. I, Academic
Press, New York and London. pp. 261, 450 and 513, 1963
24. TAKEBAYASHI, J.: Effect of mass blood tralnsfusion On erythroid cell differentiation in
anemic rabbit. 1. An evolutional change in the cell specialization process. Acta Med.
Okayama 21, 251, 1967
25. HACKETT, P. Jr and HANAWALT, P.: Selectivity for thymine over 5-bromouracil by a
thymine-requiring bacterium. Biochim. Biophys. Acta 123, 356, 1966
26. ROWND, R.: The buoyant density of 5-bromouraci1-1abeled DNA. Biochim. Biophys. Acta
134, 464, 1967
27. KIM, J. H., GELBARD, A. S., PEREZ, A. G. and ElDINOFF, M. L.: Effect of 5-bromode-
oxyuridine on nucleic acid and protein synthesis and viability in HeLa cells. Biochim.
Biophys. Acta 134, 388, 1967
28. HAUT, W. F. and TAYLOR, J. H.: Studies of bromouracil deoxyriboside substitution
in DNA of bean roots (Vicia jaba). j. Mol. Bioi. 26, 389, 1967
29. HEWITT, R., SUIT, J. C. and BILLEN, D.: Utilization of 5-bromouracil by thymineless
bacteria. j. Bacteriol. 93, 86, 1967
30. HILLS, D. C. and HORGWITZ, J.: Ribosome synthesis in Escherichia coli treated with
5-fluorouracil. Biochemistry 5, 1625, 1966
31. PRITGHARD, P. H. and LARK, K. G.: Induction of replication by thymine starvation
at the chromosome origine in Escherichia colic. j. Mol. Bioi. 9, 288, 1964
32. FREESE, E.: In Molecular genetics, Part 1, ed. by TAYLER, J. H., Academic Press,
New York and London p.220, 1963
33. KAPLAN, A. S. and BEN-PORAT, T.: Mode of antiviral action of 5-iodouracil deoxy-
riboside. j. Mol. Bioi. 19, 320, 1966
34. GONCHAROFF, M. and MAZIA, D.: Developmental consequences of bromouracil into
the DNA of sea-urchin embryos during early division stages. Exptl. Cell Res. 46, 315,
1967
35. WELLS, W. and WINZLER, R. J.: Cancer Research 19, 1086, 1959
36. WAHBA, A. J. and FRIEDKIN, M.: j. Biol. Chem. 236, 119, 1961
10
Acta Medica Okayama, Vol. 22 [1968], Iss. 5, Art. 4
http://escholarship.lib.okayama-u.ac.jp/amo/vol22/iss5/4
Heme & Nncleic Acid Syntheses in Erythroid Cell 261
(a) (b)
Photo. 1 Photographs of bone marrow cells
(a) Bone marrow smear of the anemic animal treated with aminopterin, 24 hours after
AP injection, 2 mg per 100 g body weight. Note that the cells comparable to basophilic
erythroblast in their size have polychromatic cytoplasm.
(b) Bone marrow cells of the anemic animal treated with bromouracil, 24 hours after
three BU injections, 25 mg per 100 g body weight. Note the strong basophilicity of
erythroblasts through all the specialization stages.
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(a) (b)
Photo. 2 Bone marrow smear of the animals treated with aminopterin and bromouracil.
Twenty four hours after the last injection of AP (a) or BD (b) colchicine was injected
and 4 hours later bone marrow was obtained. Note actually no mitosis in AP treated
animal, while active mitosis in BD treated animal.
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